Disinfection with chlorine and chloramine leads to the formation of many disinfection by-products including N-Nitrosodimethylamine (NDMA). Because NDMA is a probable human carcinogen, public health officials are concerned with its occurrence in drinking water. The goal of this study was to estimate NDMA concentrations from exogenous (i.e., drinking water and food) and endogenous (i.e., formed in the human body) sources, calculate average daily doses for ingestion route exposures and estimate the proportional oral intake (POI) of NDMA attributable to the consumption of drinking water relative to other ingestion sources of NDMA. The POI is predicted to be 0.02% relative to exogenous and endogenous NDMA sources combined. When only exogenous sources are considered, the POI was predicted to be 2.7%. The exclusion of endogenously formed NDMA causes the POI to increase dramatically, reflecting its importance as a potentially major source of exposure and uncertainty in the model. Although concentrations of NDMA in foods are small and human exposure to NDMA from foods is quite low, the contribution from food is predicted to be high relative to that of drinking water. The mean concentration of NDMA in drinking water would need to increase from 2.1 £ 10 23 mg/L to 0.10 mg/L, a 47-fold increase, for the POI to reach 1%, relative to all sources of NDMA considered in our model, suggesting that drinking water consumption is most likely a minor source of NDMA exposure.
INTRODUCTION
To reduce concentrations of potentially pathogenic microorganisms in public drinking waters, the United States Environmental Protection Agency (EPA) requires drinking water treatment facilities to disinfect their water supplies and provide residual disinfection throughout the distribution system. Reactions of disinfectants with natural organic matter (NOM) in source water during drinking water treatment can generate a variety of chemicals known as disinfection byproducts (DBPs). Over 500 DBPs have been identified in treated waters (Richardson 2003) ; the types and ratios of DBPs formed depend primarily on the type of disinfectant used and the amount of NOM in the water. The occurrence of these complex mixtures results in ubiquitous, chronic, low-level exposures in populations consuming chemically disinfected drinking water.
Some epidemiology studies report that exposure to DBPs increases the risk of developing colon, rectal and bladder cancers Hildesheim et al. 1998) .
To diminish these risks, the EPA has implemented regulations, such as the Stage 2 Disinfectant and Disinfection By-Product Rule (DBPR2), to reduce DBPs exposures (EPA 2006) . To comply with the requirements of DBPR2, some United States (U.S.) drinking water suppliers are predicted to switch from free-chlorine, the primary disinfectant used in the U.S., to alternative disinfectants such as chloramine (Kirmeyer et al. 2004) . Although chloramination doi: 10.2166/wh.2007.030 may reduce total DBP levels, it may result in the formation of nitrosamines such as N-Nitrosodimethylamine (NDMA) (Mitch et al. 2003) ; early studies indicated that chloramination led to higher levels of NDMA than chlorination (Siddiqui & Atasi 2001; . Factors that influence NDMA formation in drinking water include the order of reagent addition in the disinfection process (Schreiber & Mitch 2005) , contamination with the rocket fuel 1,1-dimethylhydrazine (CADHS 2002) , the presence of precursor amines such as dimethylamine (DMA) (Choi & Valentine 2003) , oxidation of cationic polymers (Najm et al. 2004 ) and reactions of tertiary amines (e.g., sulfur-containing carbamates) with nitrite .
Because NDMA is classified as a probable human carcinogen (IARC 1978; EPA 1993; NTP 2005) , its occurrence in drinking water concerns public health officials. The EPA's The UCMR program collects data for contaminants suspected to be present in drinking water that do not have health-based standards. EPA Region 9 has set a Preliminary Remedial Ontario drinking water plants reported levels greater than 9 £ 10 23 mg/L in chlorinated drinking waters, although most samples were less than the detection limit (DL) of Jobb et al. 1995) . Other studies have reported similar NDMA concentrations in treated drinking water (Tomkins et al. 1995; Tomkins & Griest 1996; CADHS 2002) . A recent study of 21 U.S. and Canadian drinking water treatment plants reported a range of NDMA levels from below the minimum reporting level (MRL) of 6 £ 10 24 mg/L to 2.4 £ 10 22 mg/L (Valentine et al. 2006) .
Food
NDMA can form in food when secondary amines are exposed to nitrite during processing or preservation. Dietary sources of NDMA include beer, fish and fish products, dairy products including cheese, dried milk and infant formula, meat and cured meats, cereals and vegetables (Hotchkiss 1989; Tricker & Kubacki 1992) . Although no systematic reviews of NDMA levels in U.S. or Canadian foods were identified, NDMA levels in specific foods have been reported by the FDA (Havery et al. 1976) , the United States Department of Agriculture (Fiddler et al. 1973; Fiddler et al. 1975 ) and the Canadian Health Protective Branch (Sen 1972; Sen et al. 1973) . The results of these and other North
American studies, although dated, are similar to comprehensive systematic surveys conducted in Europe. Infants 1 UCMR List 2 contaminants are those for which analytical methods have been recently developed and are not widely used, therefore, laboratory capacity may be insufficient to conduct the large scale monitoring studies (EPA, 2005) . 2 Preliminary Remedial Goals are used in superfund assessments to determine cleanup levels that are protective of human health. may be exposed to trace quantities of NDMA in powdered infant formula (Westin 1990) , rubber bottle nipples (Hile 1983 ) and breast milk (ATSDR 1989) .
Endogenous formation
In addition to NDMA exposure from these exogenous sources, NDMA can form endogenously from the nitrosation of secondary amines, such as DMA, contained in ingested meat and fish. Nitrosation involves the reaction of stomach acid with nitrite and nitrate found in foods as well as nitrate created in the stomach to form nitroso groups, which are free to react with amines in food to form NDMA (Mirvish 1974 (Mirvish , 1992 Tricker et al. 1994) . The amount of NDMA formed endogenously appears to depend on the relative concentrations of nitrate, nitrite, nitrosatable substances (Mirvish 1992) , pH (Mirvish 1974) , the presence of enhancing or inhibitory agents 3 (Chung et al. 2002) or the presence of nitrosating bacteria (Ralt & Tannenbaum 1981 (Fine et al. 1977; Milligan et al. 1987; Vermeer et al. 1998) . Spiegelhalder et al. (1982) reported that less than 0.5% of ingested NDMA is excreted unmetabolized in the urine if beverages containing ethanol are not consumed suggesting that the amount of NDMA formed in the stomach is likely higher than the quantities measured in urine.
In vitro studies have estimated NDMA concentrations formed under simulated gastric conditions with nitrite and nitrate levels comparable to normal dietary intake levels (Groenen et al. 1980 (Groenen et al. , 1982 Sen et al. 1985; Krul et al. 2004 ).
These studies reported NDMA levels from less than the DL of 0.01 to 44 mg per portion of amine-rich food while adjusting for many factors not achievable during in vivo studies, such as pH and secondary amine concentration.
Although the chemistry and kinetics of in vivo NDMA formation are understood (Fine et al. 1982; Licht & Deen 1988; Leaf et al. 1989) , inadequate data exist to accurately estimate the quantities of NDMA formed endogenously in humans. This decreases the precision and increases the uncertainty of estimates of endogenously formed NDMA and its contribution to total human NDMA exposure.
Other sources
Non-dietary sources of NDMA include cutting oils, herbicides, pesticides and rubber products (NIOSH 1984) .
NDMA also has been found in sewage influent from industrial sources and from the chlorination of secondary effluent at wastewater treatment plants (Najm & Trussell 2001; Mitch & Sedlak 2004) . NDMA has been detected in inhalable cigarette smoke (Hoffman et al. 1980; Tricker & Preussmann 1992 ) and environmental tobacco smoke (ETS) (Hoffmann et al. 1987) .
METHODS
Because ingestion rates vary with age, we examined exposures for three age groups: bottle-fed infants (, 6 months), children (6 months to 17 years) and adults ($ 18 years). We did not stratify the data by gender. To evaluate the magnitude of the contribution of NDMA intake through drinking water relative to total NDMA intake, the ADD was estimated for all oral route sources and only exogenous sources. Both measured and simulated data are used to estimate the levels of NDMA formed endogenously.
Exposure model
Probabilistic exposure models allow for a robust examination of the factors leading to exposures and provide the 3 Compounds such as thiocyanate, iodide and bromide, can catalyze nitrosation, whereas ascorbic acid, a-tocopherol and thiols can inhibit the reaction. Tannic acid, propyl gallate, vanillin, chlorogenic acid and thymol are phenols that may have an inhibitory effect on the formation of N-nitroso compounds.
ability to evaluate the impacts of parameter uncertainty and variability within the model as well as addressing high-risk populations. Consumption rates are highly variable in the population so using a single-point estimate for these variables instead of probability distributions ignores inherent variability that may influence exposure estimates.
Monte Carlo methods lead to an approximation of a sampling distribution by statistically incorporating parameter probability distributions and treating observed data as if they were an unknown population (Cullen & Frey 1999) . However, in the case of exposure to waterborne contaminants, Wilkes (1996) has shown that a strictly probabilistic framework fails to accurately estimate exposure and a more realistic approach combines probabilistic human behavior and physiological parameters with a deterministic calculation of water concentrations leading to exposure. We developed an exposure model that employed iterations, using SAS v 9.1.2 w (SAS Institute, Cary, NC).
POI was calculated (see Equation 3
) from these ADD estimates.
where:
ADD jk ¼ Average Daily Dose (mg/kg-day) for the jth age group and k source C i ¼ NDMA Concentration (mg/g or mg/L) for the ith source IR ij ¼ Intake rate (g/day or L/day) for the ith source and jth age group BW j ¼ Body weight (kg) for the jth age group i ¼ NDMA source (nine sources identified in Table 2 ); j ¼ a (infant), b (child) and c (adult) k source categories ¼ w (water), all (all oral route sources) and ex (exogenous sources only)
where: 
ASSUMPTIONS
The exposure models were based on the following assumptions: † Individuals within a specific age group receive the same daily NDMA exposure from foods and drinking water during that exposure period † The bioavailability of NDMA is constant regardless of the exposure source † NDMA concentrations in foods (including those calculated from non-U.S. sources) and drinking water are representative of levels encountered in the U.S. † Exposures from endogenous and exogenous sources are additive † Food intake rates follow an empirical distribution (EPA 1997a) † Water intake rates (Roseberry & Burmaster 1992) , chemical concentrations (Singh et al. 1997 ) and body weights (Burmaster & Crouch 1997 ) follow a lognormal distribution † Bottle-fed infants do not consume foods rich in amines, nitrites or nitrates and, consequently, do not form NDMA endogenously † The average life expectancy in the U.S. is 75 years (CDC 1997).
Parameters

Food ingestion rates
Distributions of daily intake rates (IR ij ) for cereals, dairy (powdered milk and cheese), fish, meat, and vegetables were developed from per-capita estimates of food-specific intake rates reported in the Exposure Factors Handbook (EFH) (EPA 1997b ). An intake rate distribution for powdered infant formula was developed from a 1984 study on food intake of infants (Kö hler et al. 1984 ). An intake rate distribution for beer was developed from data reported in the National Epidemiological Survey on Alcohol and Related Conditions (NESARC 2002) . The distribution of intake rates for foods high in nitrite and nitrate levels was developed from estimates of per-capita intake rates for beets, lettuce, spinach and pork reported in the CSFII Analysis of Food Intake Distributions (EPA 2003). All intake rates used in this analysis are summarized in Table 1 .
Drinking water ingestion rates
Distributions of U.S. drinking water intake rates were developed for adults and children using mean and standard deviation values reported in Jacobs et al. (2000) . Distributions of drinking water intake rates for infants, not accounting for water used to reconstitute powdered formula, were developed using mean and standard deviation values reported in a population-based study of drinking water intake in the U.S.
conducted by Ershow & Cantor (1989) .
Body weight
Body weight distributions were developed using values reported in the EFH for infants (BW a ) (m ¼ 6.6 kg s ¼ 0.09), children (BW b ) (m ¼ 33.7 kg s ¼ 6.6) and adults (BW c ) (m ¼ 71.9 kg s ¼ 13.7) (EPA 1997a). Due to difficulties in analytical procedures used in the beginning of the study, the authors switched MRLs from 1 £ 10 23 mg/L to 6 £ 10 24 mg/L, which was used for most samples (Barrett, 2005) . Values above the MRL, which is three times the DL, are considered to differ significantly from zero and those below the MRL were censored and reported as non-detects (ND) (Barrett 2005) . Commonly p Reflects NDMA concentration in formula powder and in drinking water used to reconstitute.
NDMA concentrations in drinking water
In vitro refer to the type of study used for calculation of endogenous NDMA formation. þ Not reported. consisting of an expectation (E) step followed by a maximization (M) step. In the E-step, the expected L for the data is computed where the expectation is taken with respect to observed data; in the M step, all the parameters are re-estimated by maximizing the L until it reaches a local maxima (Dempster et al. 1977) .
NDMA concentrations in powdered infant formula reconstituted with drinking water
Estimating NDMA concentrations in powdered infant formula reconstituted with drinking water required several steps. The mean ratio of powdered formula to water (144.8 g/L) was calculated from information given in the preparation instructions of three powdered infant formula 
NDMA concentrations in foods
Distributions of NDMA concentrations in meat, fish, dairy, cereal and vegetables were based on the results of a French study conducted from 1987 to 1992 (Biaudet et al. 1994 ) and a German study conducted from 1989 to 1990 (Tricker et al. 1991) . Several studies identified dietary sources of nitrites and nitrates (Walker 1990; NRC 1995) . Distributions of NDMA concentrations in beer were developed from values reported in two surveys of North American beers (Scanlan et al. 1990; Scanlan & Barbour 1991) .
NDMA concentrations from endogenous formation
In vivo studies of endogenous NDMA formation provided estimates only for adults, necessitating the use of an in vitro study that reported estimated levels of NDMA formed from nitrosation of food and nitrites within a dynamic gastrointestinal model under simulated human physiological conditions (Krul et al. 2004) . Krul et al. (2004) used 2X and 10X the acceptable daily intake (ADI) of nitrite level in combination with codfish as a source of nitrosatable precursors at an average pH of 3. We chose this study over other in vitro studies because it appeared to best simulate the conditions under which foods were digested.
We normalized the data to the nitrite ADI and multiplied by a factor of three meals per day yielding an estimate of 0.37 mg NDMA formed endogenously per gram of nitrate/ nitrite-rich food ingested.
We also estimated endogenous formation for the adult ADD and the LADD using the results of an in vivo study by Vermeer et al. (1998) . The study of 25 participants reported a significant correlation between NDMA levels in urine, and intake of nitrate (at the ADI level) with a meal of fish rich in amines (Vermeer et al. 1998 ).
Assuming 0.5% of NDMA formed is excreted in urine (Spiegelhalder et al. 1982) , 174 mg of NDMA per day was estimated to form endogenously in adults (Vermeer et al. 1998 ) which is significantly higher than those calculated using the in vitro data. [23.1 mg/day (s ¼ 13.5)] is predicted to be from endogenous formation, contributing 99% of total intake for both age groups. The next largest source of daily NDMA intake for children and adults, on average, is meat (0.04 mg/day), contributing 0.30% of total intake. Daily intake for all sources is summarized in Table 3 . Results from a preliminary sensitivity analysis indicated that endogenous nitrosation contributed over 99% to the variance, dominating the overall uncertainty and obscuring the contributions of other model parameters. Because of this dominance, endogenously formed NDMA was excluded from the final sensitivity analysis. The ADD, LADD and POI estimates and sensitivity analysis results are summarized below and in Table 4 .
Lifetime
Over a 75-year lifetime, the estimated LADD of NDMA in drinking water was 7.3 £ 10 27 mg/kg-day. The LADD from all sources was estimated to be 4.4 £ 10 23 mg/kg-day 
Adults ($18 Years)
For adults, the estimated ADD of NDMA in drinking water was 4.8 £ 10 25 mg/kg-day. The LADD from all ingestion sources was estimated to be 0.33 mg/kg-day (POI ¼ 0.01%).
2.5 mg/kg-day (POI ¼ 0.002%) using in vitro and in vivo estimates of endogenous NDMA formation, respectively.
Exogenous sources contributed 1.6 £ 10 23 mg/kg-day (POI ¼ 3.1%). Excluding endogenous sources, the results were well correlated with fish IR (u ¼ 0.75) and dairy IR (u ¼ 0.17).
Children (> 6 months < 18 years)
For children, the estimated ADD of NDMA in drinking water was 7.1 £ 10 25 mg/kg-day. The ADD from all ingestion sources was estimated to be 0.31 mg/kg-day (POI ¼ 0.02%) with exogenous sources contributing 3.1 £ 10 23 mg/kg-day (POI ¼ 2.3%). Excluding endogenous sources, the results were well correlated with fish IR (u ¼ 0.67) and dairy IR (u ¼ 0.21).
Bottle-fed infants (<6 months)
Bottle-fed infants were assumed to be exposed only to preformed NDMA in formula and drinking water used to reconstitute the powdered formula; we assumed no endogenous formation of NDMA in this age group. The ADD for NDMA in drinking water was estimated to be 2.0 £ 10 24 mg/kg-day. The ADD from formula and drinking water was estimated to be 0.01 mg/kg-day, with a POI of 1.9%. This result was well correlated with formula IR (u ¼ 0.90) and drinking water IR (u ¼ 0.08). all sources the POI would increase from 1.7 £ 10 23 to 2.9 £ 10 23% ).
DISCUSSION
The validity of our exposure models are contingent upon assumptions about age-related exposure, bioavailability, appropriateness of the data used, shapes of the distribution of data and the relationship of endogenous and exogenous sources. The ubiquitous nature of NDMA, combined with a lack of data on NDMA in U.S. foods and drinking waters, as well as our limited confidence in the estimates of the Table 4 | Average daily dose (mg/kg-day) and proportional oral intake (%) estimates for NDMA in foods and drinking water calculated from a randomly generated sample of 10,000
ADD ( Other differences between the studies include (1) our consideration of the potential contribution of endogenous sources of NDMA and (2) our use of probabilistic models.
Our assessment focuses on a single route of exposure.
As noted previously, inhalation route exposures from ETS could increase total NDMA exposure. NDMA concentrations in soil are unavailable, so we could not estimate 1987a, b, 1991a, b, c) . The formation of these nitrosamines in treated drinking waters may depend on a particular treatment method employed creating the potential for one treatment approach to remove one targeted nitrosamine while inadvertently introducing another (Munch 2005) .
Analyses of the formation mechanisms and concentrations of these nitrosamines are needed to thoroughly assess nitrosamines in treated waters.
To place our POI estimates further into perspective, we recalculated the LADD using 90th percentile drinking water intake rates. On average, there was a 7-fold increase in the LADD for water (5.1 £ 10 26 mg/kg-day) and a 17% increase in the LADD for exogenous sources (3.1 £ 10 25 mg/kg-day).
There was no significant difference in the LADD for all sources reflecting the strong contribution of endogenously formed NDMA. These results suggest that although there was an increase in the POI values observed using upper percentile drinking water intake values, NDMA exposure from consumption of drinking water is still predicted to be low relative to other ingestion route sources of NDMA. In a separate analysis, we determined that the mean concentration of NDMA in drinking water would need to increase from 2.1 £ 10 23 mg/L to 0.10 mg/L, a 47-fold increase, for the POI to reach 1%, relative to all sources of NDMA considered in our model.
CONCLUSION
The results of our analysis suggest that the occurrence of NDMA in finished drinking water leads to U.S. population exposures that are low relative to other ingestion route NDMA sources. Although the concentrations of NDMA in food are often small and human exposure to NDMA in foods is quite low, the NDMA contribution from food is still predicted to be high relative to the NDMA in drinking water. The contribution of the NDMA formed endogenously through the nitrosation of ingested secondary and tertiary amines increases the total NDMA encountered and diminishes the contribution of contaminated drinking water ingestion to total NDMA exposure.
